INTRODUCTION
For decades nephrologists have regarded immunemediated kidney injury as a synonym for a pathogenesis dependent on the humoral limb of the specific immune system, including immune complex and complement-dependent effector routes (1) (2) (3) (4) (5) . Although meanwhile the involvement of T lymphocytes has been accepted (6 -11) , so far it has not been tested whether T cells and antigen alone in the absence of antibodies and other lymphocytes are sufficient to cause glomerulonephritis (GN).
The reason for the difficulties in establishing the role of T lymphocytes in the pathogenesis of glomerulonephritis is due to several special conditions involved in renal immune diseases: the majority of GN forms are secondary immune injuries, i.e., are based on a deposition of circulating antigen-antibody complexes in the glomeruli and not due to a primary autoreactivity of T cells against glomerular structures (4, 12) . As a consequence to initiate nephritis it may not be necessary to overcome the high threshold of naïve T lymphocytes (13) (14) (15) but rather memory T cells at low numbers reacting to their specific antigen may be sufficient to cause substantial damage in glomeruli. Availability, however, of transgenic and gene-deficient mice (16 -18) and effective ways to antagonize T cells and their effector functions (9, 16, 17, 19 -21) allowed new types of experiments which not only support the substantial role of T cells in the initiation and exacerbation of GN and interstitial nephritis (22, 23) but also-comparable to other autoimmune and chronic inflammatory diseases-shed some light onto the functional effects of T-cell subsets (9, 10, 16, 17, 24) .
Albeit crude in terms of measures to localize and initiate injury the animal model of nephrotoxic nephritis (NTN) is most widely used to follow immunological questions in the course of kidney diseases (2, 7, 10, 16, 19, 20, 22) . Rodent glomerular basement membrane (GBM) extracts represent the immunogen to generate rabbit or sheep antiserum (nephrotoxic serum; NTS), which later will stick to the rodent renal glomeruli. An "accelerated" form of NTN is caused by immunization of the host rodent animal prior to the experiment start with an immune globulin fraction of the NTS providing animal, i.e., rabbit or sheep. All of these measures are performed in immune competent animals, with B and T cells around and thus are subject to adjuvant guidance (25) and cooperative B/T lymphocyte effects (14, 26) . Renal injury is induced by injection of NTS and causes a biphasic response with respect to time frame and pathomechanism involved, the initial "heterologous" phase (first hours up to days), and the secondary "autologous" phase (onset Ͼ3 days following NTS injection). The heterologous phase is characterized as a complement, Fc receptor (4, 5, 27, 28) and phagocytedependent reaction toward the allogeneic immune globulin, while the autologous phase represents a delayed-type hypersensitivity (DTH) reaction against the exogenous immune globulin serving as recall antigen.
Using the accelerated NTN model Tipping et al. recently presented findings about the role of T cells in GN. First, they showed that in IL-4-deficient mice Th-1 responses and subsequently renal injury resembling crescentic glomerulonephritis was enhanced (16) . Apart from additional studies stressing the principal role of Th-1-dependent mechanisms during immunemediated renal pathology (10, 19) they among others also suggested that antigen-specific MHC class II/CD4 interaction might take place locally in renal tissue (29 -33) . They found that reintroduction of professional MHC class II-positive APC into the MHC II Ϫ/Ϫ mice (bone marrow chimeras) failed to cause significant GN (29) . The explanation provided was that local tissue cells, such as glomerular mesangial or tubular epithelial cells expressing MHC class II and costimulatory (29 -31) molecules, might be sufficient to localize disease. Another well-known observation in the course of renal disease is that the loss of kidney function is more closely correlated to interstitial rather than glomerular injury (11, 22, 23) . This transition from glomerular immune injury toward the interstitium seemed to involve mechanisms of interstitial fibrosis driven by TGF␤-secreting T cells (22, 23) .
Thus, although these recent studies inevitably demonstrated the contribution of T-helper functions to renal injury, they could not proof an involvement of T cells beyond this point due to their experimental setup. To unambiguously answer the question whether Thelper lymphocytes alone are sufficient as initiatiors and effectors in nephritis, herein we present the development of a nephritis model in SCID mice.
MATERIALS AND METHODS

Mice, Antigens, and Immunizations
Balb/c and Balb/c SCID mice (H-2 d ) were purchased from Jackson Laboratories (Bar Harbor, ME) and bred at the CWRU animal facility in microisolated cages under pathogen-free conditions. Mice were of female sex and 6 -10 weeks old when first injected. Chicken egg albumin (grade IV; OVA), hen egg white lysozyme (HEL), and bovine serum albumin (fraction V; BSA) were purchased from Sigma (St. Louis, MO). IFA was from Life Technologies (Grand Island, NY), and CFA was made by mixing Mycobaterium tuberculosis H37RA (Difco Laboratories, Detroit, MI) at 2.5 mg/ml into IFA. For immunization antigens were mixed with adjuvant to give a 2 mg/ml emulsion, of which 2ϫ 50 l (200 g/mouse) was injected.
Preparation of OVA Polymers for Glomerular Deposition
Based on investigations of Vogt and Batsford (34, 35) and modifying a chemical crosslink protocol (36) , we developed a procedure to synthesize and purify an OVA polymer of a defined size and charge. Briefly, we prepared OVA (10 mg/ml) in 0.1 M Na 2 HPO 4 buffer (pH 7.5), filtered it through 0.22 m, and added 4 l/ml of a 50% glutaraldehyde solution (photographic grade, Sigma). After incubation with gentle agitation at room temperature for 1.5 h, we finalized the reaction, at the same time creating a specifically charged surface, with 25 l/ml of 20% D-lysine (Sigma) in phosphate buffer at 37°C for 2 h. The complexes were then dialyzed in Slide-A-Lyzer minicassettes (cutoff size-10 kDa; Pierce) overnight at 4°C in 2 liters of 0.5 M Na 2 HPO 4 buffer (pH 10.0) to remove low-molecular-weight products and reactive reagents. Using molar ratios of 1:12.5:50 we conjugated the OVA polymers with dimethyl suberimidate (DMS, Sigma) to fluorescein isothiocyanatt (FITC) (Sigma) (OVA-XL-FITC) and, after filtering through 0.45 m, separated unbound FITC by a G-25 Sepharose column. The resulting complexes were then size fractionated on a superose 6B FPLC column (separation range 50 -5000 kDa; Pharmacia). With phosphate-buffered saline (PBS) (pH 7.2) as a running buffer and defined monomers, dimers, and tetramers of human IgA (prepared by S. N. Emancipator) as standards, we gathered fractions of OVA-XL-FITC with respective molecular weights of Ͻ150, 150 -300, and 300 -600 kDa. Calculated for an average size of 220 kDa the specific molar ratio of FITC to OVA pentamers was ca. 50:1. Sterile filtered OVA-XL-FITC polymers at 10 -20 mg/ml in PBS were stored at 4°C in the dark no longer than 10 days before use.
Generation of Ag-Specific T Lymphocytes and Characterization of an OVA-Specific T-Cell Clone
Immunization and T-cell cloning. Six-week-old female Balb/c (I-A d ) mice were immunized with OVA/ CFA in both hint footpads. Ten days later spleen and local lymph nodes were removed, and single-cell suspensions at a density of 2 ϫ 10 6 /ml stimulated in vitro with 0.3 M OVA (first restimulation without additional I-A d feeder cells) were made. Subsequently, OVA cell lines were expanded by three more restimulations and intermittent expansion periods with human rIL-2 (10 ng/ml). Then, 10 cloning plates (Terasaki) were set up shortly after the last restimulation by seeding 0.3 lymphocytes together with 40,000 irradiated feeder cells in a 20-l well of Terasaki plates at restimulation conditions except for the addition of 20 ng/ml rh IL-2. Eight to 12 days later growing clones were transferred to 96-well plates and expanded by rh IL-2 for 5 days and than restimulated with 0.3 M OVA in the absence of IL-2. A total number of 14 I-A d -restricted, OVAspecific T-cell clones were generated and expanded, from which clone "IF12" was further characterized and finally used for adoptive transfer experiments.
In addition, a series of different OVA-specific T-cell preparations were prepared for the in vivo transfer into OVA Ag-loaded Balb/c SCID mice. These included (a) freshly prepared spleen cells from Balb/c mice immunized with a Th-2 (OVA protein/IFA, ip) or a (b) Th-1-directed immunization protocol [OVA protein/ CFA, sc (25) ]. Also, (c) naïve spleen cells from DO11.10 mice, transgenic for an OVA-specific T-cell receptor ␤-chain, were prepared (37 3 H]thymidine incorporation assay we demonstrated that these T-cell clones were I-A d restricted. They responded highly specifically to OVA, glutaraldehyde-crosslinked OVA polymers, and GlcNAc-haptenated OVA, but not to BSA-GlcNAc, pigeon cytochrome c, or PPD. In addition, these cells were activated by the dominant OVA-peptide (aa 323-339, optimal stimulation at 0.2 M) and by OVA-poly-L-lysine, but not by hen egg lysozyme, BSA, or glutaraldehyde BSA-HEL crosslinks (see below, and data not shown).
Cytokine profile measurement by ELISPOT. The principle of an improved ELISPOT assay has been previously described by us (25) . Briefly, ELISA spot plates (Unifilter-350, Polyfiltronics, Bedford, MA) were coated overnight at 4°C with mouse IFN-␥-, IL-2-, IL-4-, or IL-5-specific capture antibodies (R46A2, 4 g/ml; JES6-1A12, 5 g/ml; 11B11, 4 g/ml; TRFK5, 5 g/ml, respectively). Unspecific binding was blocked with 1% BSA (fraction V, Sigma) in PBS for 1-2 h at room temperature (RT) and washed four times with PBS. Then cloned mouse cells were plated at densities of 200 to 50,000 cells/well (in HL-1 medium; Biowhittaker Inc., Walkersville, MD, supplemented with 1 mM L-glutamine) alone or in the presence of 10 6 irradiated spleen feeder cells from Balb/c or Balb/c SCID mice. Except where stated differently an antigen concentration of 0.3 M OVA in HL-1 medium was used. After culture periods of 24 h for IFN-␥ and IL-2 or 48 h for IL-4 and IL-5 the cells were removed by washing three times with PBS and four times with PBS/0.05% Tween (PBST). The secondary antibodies, directly HRP-labeled XMG1.2 (ATCC, 2 g/ml), biotinylated rat antimouse IL-2 and rat antimouse IL-4 (both Pharmingen, 4 g/ml), and unlabeled TRFK4 (ATCC, 4 g/ml) were added for an overnight incubation in humidified chambers at 4°C. Following three PBST washing cycles spots of IFN-␥ plates were directly developed with the HRP substrate 3-amino-9-ethylcarbozole (AEC, Pierce, Rockford, IL), while IL-2 and IL-4 plates were first incubated for 2 h at RT with a streptavidin-HRP conjugate (SAV, Dako, Carpenteria, CA), and the IL-5 plates with both an rabbit antirat biotinylated IgG and subsequent SAV-HRP before adding the substrate for red spot development. Automated spot counting according to objective criteria for size, chromatic density, shape, and color was performed with an automatic image analyzer developed in our lab.
Together with the CD4 ϩ FACS data and the I-A drestriction and Ag-specificity experiments, these ELIS-POT assays characterized the "IF12" T cells as a pure and highly efficient memory Th-1 clone highly specific for OVA protein with an IFN-␥ and IL-2 responder frequency of 42 and 12%, respectively ( Fig. 2A) . With Ag stimulation these cells secreted no IL-5. However, some IL-4 spots could be noted, which did not correspond to the number of plated Ag-specific responders (Fig. 2B ). Using brefeldin enhanced intracellular cytokine determination by FACS we confirmed that the observed IL-4 spots under these conditions were due to bystander cell activation (39) . If not otherwise stated the IF12 clone was injected iv at a cell number of 4 ϫ 10 7 /mouse for adoptive transfer experiments.
Design of Intravenous Transfer Experiments
Optimizing the glomerular antigen deposition, T-cell transfer, and induction of nephritis. Using Balb/c SCID mice a first series of experiments was performed to determine the optimal size range and the time kinetic for the renal deposition of OVA polymers. In three experimental series groups of three mice, respectively, were injected with 500 g OVA-XL-FITC of pooled After determining the optimal size targeting to the mesangial space of SCID mouse glomeruli exclusively and the time point of maximal Ag deposition (see Results and the legend to Fig. 1 ) a total of three consecutive series of experiments were performed with groups of three mice, which first were iv injected with 500 g/250 l PBS of 150-to 300-kDa sized OVA-XL-FITC or control complexes consisting of similarly sized BSA-HEL crosslinks, and 4 h later received either PBS only or 1 or 3.5 ϫ 10 7 OVA-specific Th1 clone cells (IF12) iv. After 1, 2, 5, and 21 days groups of animals were sacrificed, blood and urine samples collected, and organs prepared for paraffin embedding and cryostat sections as described before.
Histological Analysis of Paraffin and Frozen Tissue Sections
Hematoxylin/eosin (Table 1) and PAS ( Fig. 3 , left column) staining of thin paraffin-embedded and formaline-fixed sections (3-4 m) of lung, liver, spleen, and two kidneys were performed according to standard protocols and then subjected to blinded examination by G.S., who did not receive the experimental protocol until all series were finished. O.C.T.-embedded cryostat sections (5 m) of the respective organs were fixed in acetone (10 min, Ϫ20°C). The alkaline phosphatase antialkaline phosphatase (APAAP) technique (40) was used to phenotype CD3 ϩ lymphocytes [KT-3; Serotec, Wiesbaden, Germany (41)] and the subset of bone marrow-derived macrophages (BM-8; Biomedicals AG) (42) . The slides were incubated with the primary antibodies for 30 min at RT. After washing with TBSTween (0.05% Tween 20, Serva, Heidelberg, Germany) and incubating with a bridging Ab (rabbit antirat, 30 min; Dako, Hamburg, Germany) the APAAP complex (rat, 30 min, Dako) was applied. In order to increase the staining intensity the incubation with the bridging Ab and the addition of the APAAP complex was repeated once. Fast blue (Sigma, Munich, Germany) served as substrate for alkaline phosphatase. Positive and negative controls produced the expected results. All sections were counterstained with hemalaun and mounted in glycergel (Dako).
Parameters of Kidney Function
Urinary creatinine was determined with a Beckman Creatinine Analyzer using the chemicals supplied by the manufacturer (Beckman, Munich, Germany). Total urinary protein was measured with the Coomassie brilliant blue binding method (Bradford). Electrophoretic separation of urinary proteins was performed on sodium dodecyl sulfate (SDS) gradient gels. Gels were stained with Coomassie brilliant blue, scanned on an Epson GT6000 scanner and the fraction of albumin and the total amount of low-molecular-weight (LMW) and high-molecular-weight (HMW) proteins were determined with the Gel-Image 1.3 and the Gel-Scan XL2.0
FIG. 1.
Deposition of OVA polymers (OVA-XL) in the mesangial area of SCID mouse glomeruli: 500 g/mouse of FITC-labeled OVA-XL were injected iv and mice killed after 1, 2, 4, 6, 12, and 24 h and 2 and 5 days, respectively. Peak deposition was observed after 2-4 h (A), but glomerular fluorescent labeling was still visible after 2 days, while saline controls were negative (B). The molecular size necessary to direct deposition of OVA-XL to the glomeruli exclusively was determined to be 150 to 300 kDa (see Materials and Methods and Results section for details).
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FIG. 2.
ELISPOT assays to characterize the nephritogenic T helper clone "IF12." Two weeks after the last exposure to their specific Ag and immediately prior to iv transfer experiments these T cells responded highly specific to low dose OVA protein (2.7 g/ml) challenge in the presence of SCID mouse spleen cells with an IFN-␥ and IL-2 responder frequency of 42 and 12%, respectively (A). However, Ag stimulation even at high concentration (OVA, 13.5-100 g/ml) yielded no IL-5 or significant IL-4 secretion. The IL-4 spots notable, are not corresponding to the number of plated Ag specific responders, and most likely represent a reaction of "bystander" cells (B). Controls included positive reactions to Con A, and negative reactions with medium or control Ag (BSA-HEL crosslink) present (left panels). As an example of many other T-cell preparations (see Materials and Methods) tested for their nephritogenic potential. 
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SCID MOUSE NEPHRITIS software (Pharmacia, Uppsala, Sweden) using bovine albumin as a standard. Triplicate samples were from two independent experimental series and statistical differences to the control mice were evaluated with the paired Student t test considering P Ͻ 0.05 as significant.
Evaluation and Statistics
Experiments to find both the optimally sized OVA polymer fraction for exclusive glomerular deposition and the time point of maximal glomerular presence of 150-to 300-kDa OVA-XL-FITC were performed three times in independent experiments. Characterization of T-cell clones (FACS, Ag-specific proliferation and cytokine release assays, ELISPOT, were done at least twice in triplicates and representative results are depicted. T-cell transfer experiments with control T-cell fractions and the nephritogenic Th-1 clone IF12 were performed in triplicates in two independent experimental series following deposition of relevant (OVA-XL) and irrelevant Ag (BSA-HEL), respectively. Urinary analyses were done from triplicate samples and results from one representative series are shown. Stained cells in the kidneys and glomerular, periglomerular, and interstitial areas (definition see Fig. 3 ) were counted in at least 20 glomerular areas of the renal cortex from three mice (n ϭ 60) of two experimental series. A glomerular area was defined as a 200 ϫ 200 m microscopic field centered around one glomerulus. Where applicable data are expressed as mean Ϯ SD and compared using the two-tailed Student t test. Differences were taken as significant (*) with P Ͻ 0.05.
RESULTS
Targeting of Crosslinked OVA Polymers to Renal Glomeruli
The endothelial cell fenestration in renal glomeruli favors the entrapment of complexes of a molecular size of about 200 kDa (35, 43) . To verify this prediction, we injected pooled fractions of three size ranges (600 -300, 300 -150, and Ͻ150 kDa) of OVA polymers prepared with a FPLC superose 6 column (as described under Materials and Methods) iv into SCID mouse tail veins. After 1, 2, 4, 6, 24, and 48 h and 5 days the animals were sacrificed and their lungs, liver, spleen, and kidneys snap frozen for cryosections. Our results showed that according to the expectations about the endothelial cell fenestration in glomeruli OVA polymers with a size between 150 and 300 kDa exclusively and efficiently targeted into the mesangial and subendothelial space after injection of 500 g OVA polymers/SCID mouse (Fig. 1A) , while glomeruli of control mice were 
a A total of three consecutive series of experiments were performed with groups of three mice, respectively. b Protocols see Materials and Methods). Hematoxylin/eosin staining of SCID mouse kidney sections was performed according to standard protocols and then subjected to blinded examination by G.S.
c Hypercellularity reflecting the sum of infiltrating T lymphocytes/mononuclear cells and local cells was scored semiquantitatively as described (59) . Significant hypercellularity was observed in a time sequence from 24 h to 5 days shifting from glomeruli to tubulointerstitium (see Table 2 and Fig. 3 for comparison) . Neither iv transfer of the nephritogenic Th-1 clone (IF12) or Ag alone into SCID mice (controls) nor numerous additional experiments using OVA-XL with subsequent injection of other Th-1 or Th-2 lymphocyte preparations caused significant renal alterations (see Results).
166 RADEKE ET AL. negative (Fig. 1B) . Polymers of 300 -600 kDa were not trapped in each glomerulus and the distribution within the positive glomeruli was patchy and not evenly distributed (data not shown). Polymers smaller than 150-kDa-sized OVA polymers could be found in each glomerulus, but also appeared in proximal tubular areas (data not shown). The time course of deposition pattern of 150-to 300-kDa OVA polymers exhibited a maximum after 2-4 h following iv injection. FITC-labeled OVA polymers were still visible after 48 h but not after 5 days. Histologic examination of PAS-stained renal tissue showed no evidence of structural alterations or cellular composition of the cortical renal tissue during the 5-day observation period. Thus, OVA protein polymers with an optimized size of about 200 kDa could be successfully accumulated and persisted for more than 24 h in glomeruli exclusively. Therefore, this represents a suitable model for renal Ag deposition, as it is regularly observed in the majority of infectious or autoimmune diseases, which are associated with a "secondary nephritis" (12). As described under Materials and Methods experiments with several OVA-specific T-cell lines and clones confirmed that these OVA polymers are highly antigenic for OVA protein-and OVA peptide-primed T lymphocytes.
Adoptive Transfer of Antigen-Specific T Cells into SCID Mice
Following glomerular Ag deposition we were prepared to transfer a series of Ag-specific T-cell subsets iv into the OVA polymer-loaded SCID mice. These Th lines and clones represented different stages of memory and activation level. As described under Materials and Methods section these T lymphocytes have been characterized in detail by ELISPOT assays (Fig. 2) and FACS (data not shown).
We found that exclusively one strongly Th-1-polarized, Ag-specific memory T-cell clone was able to induce a functional and local renal pathology with immune histological signs of delayed mononuclear infiltrates and proliferation (DTH-like reaction; see below). This OVA-specific T-helper clone, IF12, was iv injected 4 h after the deposition of OVA at 3.5 ϫ 10 7 cells/SCID mouse iv. As demonstrated using the ELIS-POT assay it is characterized by a high frequency of 42% of IFN-␥-and 12% of IL-2-secreting cells following low-dose Ag stimulation (2.7 g/ml OVA) (see Materials and Methods; Fig. 2A ). The IF12 T-cell clone produced no IL-4 or IL-5 even at higher Ag concentrations (Fig. 2B) . For transfer experiments this Th-1 clone had been restimulated with OVA protein and syngeneic SCID spleen APC 10 days before injection. As described in detail under Materials and Methods none of several other T-cell preparations tested exhibited the capacity to induce nephritis. Shown as an example in Fig. 2C spleen cells of DO11.10 mice, transgenic for an OVA-specific T-cell receptor ␤-chain at a frequency of 40% (37) , were used to successfully generate memory T-cell lines by two consecutive in vitro restimulations with the I-A d -dominant peptide OVA as323-339 in the presence of mIFN␥/anti-IL-4 or mIL-4 and anti-IFN␥ antibodies. This treatment resulted in a high frequency of DO11.10 T-helper cells of the Th1 type (Fig. 2C, lower  left) or Th-2-differentiated OVA TCR transgenic lymphocytes (Fig. 2C, lower right) . Neither of these memory Th1 or Th2 lines was able to induce nephritis (data not shown).
On the contrary, confirmed by blinded examination of H&E-stained histological SCID mouse kidney sections, hypercellularity was induced by the Th1 clone IF12 in the presence of the relevant Ag deposits (Table  1) . Interestingly, the cellular infiltrates occur relatively late and shift time dependently (day 2 to day 5) from the glomerular/periglomerular regions to the interstitium (Table 1 ). Figure 3 (first column) shows representative PAS-stained sections from controls, and after 48 h and 5 days which illustrate the nephritogenic infiltrative response after iv injection of the OVAspecific, memory Th-1 clone IF12 as a prerequisite of renal damage. When an irrelevant Ag consisting of an equally sized crosslink of BSA and HEL was placed in the glomeruli, or when other cells than the T-helper-1 clone 1F12 were injected no infiltrative response was observed (Fig. 3 , upper left, and Table 1 ). Notably, the cellular infiltrates were not that prominent in the glomeruli but rather spread from periglomerular areas to the interstitium. Despite the fact of a vast hypercellularity observed at day 5 in interstitial areas in the vicinity of cortical glomeruli, these infiltrates only enlarged these peritubular fields, but obviously left the tubular basement membrane intact (see black arrows in Fig. 3 : fine pink-red line surrounding tubuli). As is discussed this may be an important finding with respect to the pathomechanism of glomerular to interstitial spreading of kidney injury.
GN-like renal injury was exclusively observed with cloned, MHC-II-restricted, Ag-specific T-helper-1 cells. A series of other T-cell preparations that did not lead to detectable renal injury included (a) freshly prepared spleen cells from Balb/c mice immunized with (i) Th-2-or (ii) Th-1-directed OVA immunization protocols (24) or ( 
Characterization of T-Cell-Induced Tissue Damage and Cellular Infiltrate in SCID Nephritislike Injury
Representatively Fig. 3 (two columns to the right) and quantitatively Table 2 demonstrate the time-dependent development of the T lymphocyte (CD3 ϩ ) and bone marrow-derived macrophage (BM-8) infiltration into the kidney. Because we used SCID mice the CD3 ϩ cells found by specific staining can only stem from the cells injected iv. Initially, these memory Th-1 lymphocytes rose to significant cell numbers (2.14 Ϯ 0.59 at 48 h) inside the glomeruli and only thereafter at day 5 "moved" to the interstitium (2.16 Ϯ 0.20) (Table 2 and Fig. 3 ). Infiltration of injected T lymphocytes into these specific areas is followed by an accumulation of bone marrow-derived macrophages, which are necessarily recruited from SCID mice bone marrow (BM-8 ϭ marker of bone marrow-derived macrophages). Inside the glomeruli only a small rise of macrophage number was observed at 48 h (0.53 Ϯ 0.32), whereas in the cortical tubulointerstitial areas at 48 h we counted 37.08 Ϯ 0.69 BM-8 ϩ cells (Table 2 and Fig. 3 ). Corresponding to the peak of injected Th-1 appearance in the interstitium the highest number of macrophages was present at day 5 in the cortical interstitial areas in the vicinity of glomeruli (82.80 Ϯ 0.94). As mentioned before the infiltrating cells seemed to be concentrated in the space between the tubuli, pushing these aside without leading to a complete destruction of the renal cortical architecture (for comparison see PAS stain and 7 OVA-specific Th-1 clone, IF12, 4 h after the iv injection of an irrelevant Ag (controls; row 1) or 500 g of an OVA polymer (OVA-XL) targeted to glomerular mesangial areas (see Fig. 1 ). Kidneys were prepared after 24 (not shown), 48 (row 2), and 120 h (row 3) and 3 weeks (not shown). Mononuclear infiltration and/or local cell proliferation primarily in the interstitial areas close to glomeruli peaked at day 5 as shown by PAS-stained tissue (column 1, row 3). Notably, the areas with infiltrating cells did not disrupt the tubular basement membranes (see black arrows within PAS stain column). Four-micrometer SCID mouse kidney cryosections were stained using bridging Ab technology and and FAST-Blue color system (see Materials and Methods) with primary mAb KT-3, detecting CD3 ϩ lymphocytes (column 2), and BM-8, specific for bone marrow-derived macrophages (column 3). For quantitative analysis of the developing mononuclear infiltrates see Table 2. 168 immune histochemistry in Fig. 3 ). Based on our definition of "periglomerular" areas (i.e., two cell layers around the Bowman capsule) the development of Th-1 and BM-derived macrophage cell numbers in these areas was less pronounced. A transient T-cell peak was measured at day 5, while macrophages in this area showed up at higher numbers at 48 h, i.e., in parallel to glomerular T cells. In the absence of endogenous lymphocytes in this SCID model at day 21 after a single injection of Ag and Th-1 lymphocytes the mononuclear infiltrate had resolved almost completely (all three areas, apart from a small remaining elevation of macrophages in the interstitium, 10.2 Ϯ 0.80) ( Table 2) .
Parameters of Kidney Function
Functional kidney alterations were determined by gradient gel electrophoretic separation of filtered and secreted urinary protein classes as described for human (44) and laboratory animal renal function testing (45) . This method allows attribution of the injury to either the tubular or the glomerular part of the nephron, with an increase of the LMW fraction indicating a tubular and an increase of albumin and the high-molecular-weight fraction pointing to a disruption of the glomerular sieve (44, 45) . Representing a clear indication of a glomerular injury in our study the LMW protein fraction remained normal (data not shown), whereas the urinary albumin and HMW protein fraction were significantly elevated starting from day 2 (Fig. 4) . The HMW protein fraction stayed elevated until day 21, which might point to a persisting alteration of glomerular sieving function. Urinary creatinine, however, was not elevated through the experimental period (Fig. 4) . In accordance with the normal LMW fraction stated above, this indicates that the tubular clearance function was not affected by this mild and transient kidney injury (44, 45) .
DISCUSSION
The investigations presented established a simple model of glomerulonephritis-like renal injury in immune-deficient SCID mice. Following the mechanisms of a DTH-like reaction glomerular deposition of Ag polymers and subsequent injection of a single dose of T-helper-1 lymphocytes with specific memory for the placed Ag were sufficient to mimic the basic findings of nephritis. Unlike previous studies these data proof that T-helper-1 lymphocytes not only are essential to provide help for initiation but also exert IFN-␥-dependent (46) effector functions for a GN-like pathology. Until now this remained uncertain because in vivo models of nephritis have been established only when B cells, immune globulins, and/or complement or other T-cell subpopulations were present in the experimental animals (2, 3, 9, 11, 18, 29) .
The SCID mouse nephritis as presented here was transient both in terms of mononuclear infiltration and the accompanying proteinuria. The transient nature of nephritis most likely resulted from both the fact that Ag was only deposited once and cleared thereafter and from the single injection of T-helper-1 cells secreting IFN-␥ at high frequency. Any other course of disease would have been very surprising because unlike in human secondary nephritides glomerular Ag deposit was only "filled" once, i.e., there was no continuous Ag supply, as might be expected in nephritis associated with, e.g., rheumatoid arthritis, hepatitis C, or systemic lupus erythematoses. Second, SCID mice did not Twenty glomerular areas/mouse kidney from three mice per group were counted (n ϭ 60). The mean Ϯ SD number of KT-3 (anti-mouse CD3 Ab, ␣CD3) and BM-8 (antimouse bone marrow-derived-macrophage Ab, ␣M⌽) positive cells per glomerulus per periglomerular field (two cell layers distance from bowman capsule) and in the interstitial fields of a glomerular area (for definition see Materials and Methods) is shown. As experiments were done with SCID mice all numbers of CD3-positive cells were significantly (*P Ͻ 0.05) above the background. The background number of BM-8 positive cells in control SCID mouse kidneys was very low with no cells in glomeruli, and less than one BM-8 positive cell per 10 periglomerular or interstitial fields (see Fig. 3, control) . No significant numbers of infiltrating cells were detected after 24 h (n.s.; see Table 1 and Fig. 3 for comparison) . 169 supply naïve T lymphocytes as a way to "spread" and exacerbate initial injury. Also, perpetuating mechanisms dependent on other effector T cells, such as CD8 cells or B cells, are not operative in SCID (this being the reason to choose SCID).
To understand the pathomechanisms revealed by this SCID mouse nephritis model, one has to clearly distinguish between two immunological concepts of kidney injury: (1) the autoimmune nephritis and (2) the model of DTH-like reaction in renal tissue. Recent investigations elegantly outlined possible pathways of breaking peripheral tolerance in liver and kidney (29, 47) . Still, looking at immune-mediated renal injury in general, pure renal autoimmunity has only been proven sporadically (8, 12, 32) . Apart from Goodpasture syndrome (11, 48 ) the majority of T-cell-dependent renal diseases, e.g., SLE and postinfectious GN, are based on deposition of exogenous (with respect to the kidney) Ag and the systemic presence of Ag-specific, memory T lymphocytes (12, 17, 24, 32, 49) .
In our study, in accordance with the concept that T-cell-dependent nephritis follows the schematics of a delayed type hypersensitivity reaction, nephritis only develops when memory T-helper-1 cells were injected. Neither naïve [T-cell-enriched fraction of OVA TCRtransgenic spleens, DO11.10 (37)] nor short-term in vitro/in vivo OVA-primed T lymphocytes (according to 38 and 50, so-called "T 0 ") had the potential to initiate nephritislike symptoms in SCID mice under similar conditions. The prominent pathogenic potential of memory OVA-specific Th-1 lymphocytes might be due to at least two reasons: (1) migration of memory Thelper cells to peripheral nonlymphoid tissues is facilitated compared to naïve cells (40, 51) and (2) the threshold of activation is lowered in memory cells thus allowing substantial IFN-␥ release even at lower density of primary and costimulatory APC signals right there in the Ag-loaded tissue (13-15, 38, 46, 50) .
The time-dependent development of histological alterations we observed in our model (as outlined in Tables 1 and 2 and Fig. 3 ) raise several interesting questions about renal immune reactions. Initially, few, albeit significant, numbers of CD3 ϩ cells showed up in glomeruli, with low numbers of BM-derived macrophages at the same time. Then, at day 5 T-cell numbers raised in the cortical renal interstitium accompanied by a prominent interstitial macrophage invasion. In animal models and in human nephritis interstitial infiltrates are invariably associated with immune mediated renal injury, especially with disease progression (11, 22, 23, 37) . However, which sequence of events Data are from one representative series of two with triplicates and results are expressed as mean Ϯ SD, with P Ͻ 0.05 considered to be a significant statistical difference (*).
FIG. 4.
Pathological albumin (A) and high-molecular-weight protein (B) excretion compared to urinary creatinine concentration (C) following Th-1 clone induced renal immune injury in SCID mice. As described under Materials and Methods and according to (43, 44) gradient gel electrophoresis was performed to characterize the pattern of filtered and secreted urinary proteins. Following the time course of the development of cellular infiltrates pathological albumin and high-molecular-weight protein (Ͼ60 kDa) excretion was already raised after 48 h and peaked at day 5, respectively. This pattern together with the missing increase of low-molecular-weight proteins (data not shown) indicated a primarily glomerular injury. The controls included urinary protein SDS-PAGE of SCID mice injected only with specific T-helper 1 clone IF12 without prior antigen deposition ("Th1"), and mice injected with OVA polymers alone ("antigen"). 170 might explain the progress from initial glomerular Ag deposition (and T-cell activation) to interstitial immune cell infiltrates? Employing the model of nephrotoxic nephritis Li et al. presented the hypothesis that local renal tissue cells are capable and necessary to cause T-cell-dependent renal injury (29, 52) .
Indeed, earlier findings of our group suggested that glomerular mesangial cells might have the capacity to present Ag to a lymphnode cell preparation from Agimmunized syngeneic mice (30, 32, 33) . Alternatively, and similarly to other tissues, dendritic cells (DC) urged to infiltrate the kidney by chemokines released from mesangial cells (53, 54) would be very likely candidates for Ag uptake, processing, and presentation. While there is a general agreement about the presence of a low number of DCs in the healthy rat renal interstitium [draining venous and lymphatic vasculature (55-57), see Fig. 5 ], there is only one earlier description of dendritic cells present in the vascular pole of rat glomeruli (58) . Whether dendritic cells are present in or transiently migrating through mouse or human glomeruli is not known so far. Apart from the possibility that Ag migrates within the lymphatic pathways (57) or inside maturing dendritic cells toward the interstitium (55, 56) only one other explanation might be considered for the interstitial infiltrates observed in this SCID model. This would employ a glomerular filtration of OVA Ag fragments, apical uptake by tubular cells, and basolateral sequestration or direct presentation of OVA to interstitial lymphocytes by tubular cells. Although we could not rule out this possibility, this concept of interstitial immune activation would require a discontinuation of the peritubular basement membrane (TBM) (55, 56) . However, we observed no such TBM injury in our PAS-stained renal tissue sections (Fig. 3, black arrows left column) . Therefore, our data suggest a pathomechanism involving an active sentinel function of migrating dendritic cells in glomerular renal disease and their capacity to locally activate Th1 memory cells.
It is important to point out that these findings might be of clinical relevance, since they could announce a shift in the rationale of nephritis therapy. Inhibition of T-cell APC interaction with peptides or antibodies blocking MHC in the kidney itself, whose target organ specificity might be uniquely facilitated by the local hemo-and lymphodynamics, may be promising. Summarizing our findings in this new nephritis model in SCID mice we confirmed data on the prominent pathogenic role of memory T-helper-1 lymphocytes (29) and unambiguously showed that Ag-specific Th-1 lymphocytes alone may not only initiate but directly cause the principal pathology of glomerulonephritis.
FIG. 5.
Schematic model of possible pathways of the transition from glomerular to interstitial renal injury ( Fig. 11 and 15 modified from 56). Suspected pathways of glomerular sequestered Ag or chemokines are depicted. Both, sequestered antigen freagments and chemokines, might be involved in the development of interstitial infiltrates (TIN) [22] . The occurrence of inflammatory cells in the interstitial areas, and outside of the tubular basement membrane (see Fig. 3 ; black arrows within PAS stain column) favors the possibility that glomerular drainage occurs through the hilus towards the interstitial vascular bed with the accompanyin early lymphatic vessels (for details see Discussion). As an alternative to passive drainage, dendritic cells (DC) might be involved in the uptake and transport of glomerular Ag through lymphatics to renal lymphnodes (55, 57, 58) . Abbreviations used: (1), peritubular interstitium; (2), accompanying vein; (3), lymphatics; A, artery; AA, afferent artery; D, distal tubuli; DC, dendritic cell; E, endothelial cell; EA, efferent artery; EGM, extraglomerular mesangium; F, foot processes; GBM, glomerular basement membrane; GC, granular cell; Ly, lymphatic vessel; M, mesangium; MD, macula densa; N, nerve; P, proximal tubular cell; PE, parietal epithelium; PO, podocyte; TIN, tubulointerstitial nephritis; US, urinary space; V, vein.
